Determining species distributions can be extremely challenging but is crucial to ecological and conservation research. Environmental DNA (eDNA) approaches have shown particular promise in aquatic systems for several vertebrate and invertebrate species. For terrestrial animals, however, eDNA-based surveys are considerably more difficult due to the lack of or difficulty in obtaining appropriate sampling substrate.
| INTRODUC TI ON
Information on species distribution and abundance is important in field ecology and species conservation in situ. Survey methods using environmental DNA (eDNA) have recently demonstrated that eDNA-based surveys can, in some cases, outperform traditional survey approaches to determine species presence Deiner, Fronhofer, Mächler, Walser, & Altermatt, 2016; Hänfling et al., 2016) .
Most studies using eDNA for species detection have focused on aquatic organisms. DNA is shed into the environment and subsequently becomes homogenously distributed (Deiner, Bik, et al., 2017; Deiner, Renshaw, et al., 2017; Thomsen & Willerslev, 2015) .
In contrast, eDNA surveys of terrestrial species have been applied less comprehensively and typically have relied on faecal samples or gut content of blood-feeding invertebrates (Deiner, Bik, et al., 2017) . Environmental bulk samples have been used for eDNA approaches targeting arthropods (Shokralla et al., 2016) ; however, for terrestrial organisms, the lack of a substrate that is comparable to water in terms of ease of sampling and representativeness of eDNA content may generally hamper the efficiency of eDNA-based surveys in terrestrial habitats. Many mammal species living in seasonally water-limited ecosystems depend (to a varying extent) on drinking from common water sources. DNA shed from an organism diffuses rapidly in water; therefore, in principle eDNA may be detected by sampling at any remote point of a stagnant water body (Rees, Maddison, Middleditch, Patmore, & Gough, 2014) . In practice, however, DNA readily binds to suspended particles that diffuse less easily and eventually will sediment (Turner et al., 2014) . Hence, both water and sediment are potential sources of eDNA in water-limited ecosystems.
The amount of mitochondrial DNA (mtDNA) by far exceeds that of nuclear DNA in shed cells (Thomsen & Willerslev, 2015) . Numerous regions within the mitochondrial genome (mitogenome) can be used for mammalian taxonomic classification and phylogenetics. Most eDNA studies have employed metabarcoding using PCR amplification of one or few loci (e.g. cytochrome b, COI, 12S rRNA or the mitochondrial D-loop) for species detection and discrimination (Aylagas, Borja, Irigoien, & Rodríguez-Ezpeleta, 2016; Dougherty et al., 2016; Hänfling et al., 2016; Hunter et al., 2015; Mächler, Deiner, Steinmann, & Altermatt, 2014; Olds et al., 2016; Shokralla et al., 2016; Ushio, Murata, et al., 2017; Valentini et al., 2016) . However, a metabarcoding approach may be error-prone in terms of primer bias and higher likelihood of false-negative results when the target DNA is highly degraded or diluted (Deiner, Bik, et al., 2017) . Hybridization capture enrichment (hybridization capture, henceforth) effectively avoids problems such as primer bias and can substantially increase the yield of target DNA retrieved from environmental samples (Dowle, Pochon, Banks, Shearer, & Wood, 2016; Wilcox et al., 2018) . Hybridization capture efficiently enriches target DNA and is based on hybridization of sample DNA with synthetic complementary DNA or RNA oligonucleotide baits (Gasc, Peyretaillade, & Peyret, 2016) . These baits are designed from the targeted reference sequence, and multiple target F I G U R E 1 Workflow from collection of environmental samples to assignment of species sequences genomes can be targeted in a single capture reaction. Furthermore, hybridization capture can tolerate high divergence between baits and target. Successful capture has been shown with baits which are 20% divergent from their target sequences (Hawkins et al., 2016) ; however, capture efficiency may decrease at around 5%-10% divergence (Paijmans, Fickel, Courtiol, Hofreiter, & Förster, 2016 ).
In the current study, a hybridization capture approach targeting the mitogenomes of 38 mammalian species was implemented to recover eDNA from water and sediment from waterholes in two African countries. Samples were collected in the rainy and in the dry season to assess whether animal aggregations at shrinking water bodies would be reflected in the abundance of eDNA in water and sediment samples. We compared the hybridization capture results with those of genus-specific conventional PCRs. Furthermore, we tested hybridization capture concentration-dependent efficiency using experimentally diluted target DNA samples of non-African mammals to determine the methodological limitations. Our results demonstrate that hybridization capture enrichment can be used effectively for monitoring the presence of terrestrial mammal species from shared water sources.
| MATERIAL S AND ME THODS

| Sampling
Water and sediment were sampled from natural and pumped water holes in two regions in Namibia (Etosha National Park [NP] in northern Namibia and ǁKaras region in southern Namibia), and from water bodies in the Serengeti NP, Tanzania. In Namibia, samples were collected in November 2015 and April 2016, both during a dry period.
In Tanzania, samples were collected in February, June/July and early October 2016, which corresponded to the rainy season and early and late dry season, respectively. At each sampling site (N = 14), water was collected from the surface in sterile 50 ml tubes, and sediment samples were collected by filling a sterile 50 ml tube with sediment from the submerged top layer at 20-50 cm from the perimeter (Figure 1 ).
Additionally, at five sites in the Serengeti NP native water was filtered using glass fibre filters (Whatman, GE Healthcare) to concentrate the total amount of DNA. A disposable 50 ml syringe was attached to a filter holder (Swinnex, Merck Millipore) containing a glass microfibre filter (nominal pore size approximately 0.7 µm, diameter 25 mm).
Filtration was carried out manually and repeated for each filter until a total volume of 300 ml was passed through the filter. Each glass fibre filter was then removed from the filter holder using sterile forceps, folded and stored in a 2 ml cryotube. All water and sediment samples and water filters were stored on ice packs during the respective field trip and frozen at −20°C upon return to the field station (within <6 hr).
The GPS coordinates of each sampling point were made available online (NCBI BioProject accession number PRJNA515605).
| Mock samples
Mock samples with known DNA concentrations of different mammal species were generated to determine the sensitivity of the hybridization capture method to background DNA and dilution.
Three non-African species, koala (Phascolarctos cinereus), musk ox (Ovibos moschatus) and polar bear (Ursus maritimus), were selected in order to identify any potential cross-contamination of environmental samples with DNA from mock samples. DNA was isolated from tissue samples using a commercially available extraction kit (NucleoSpin® tissue kit, Macherey-Nagel) following the manufacturer's instructions and pooled diluted DNA extracts in (a) equal concentrations (20 ng/µl each; 'mock sample #1') and (b) different concentrations (koala 100 ng/µl, musk ox 10 ng/µl and polar bear 1 ng/µl; 'mock sample #2').
| eDNA isolation and genomic library preparation
DNA from sediment samples was isolated using a commercial kit (NucleoSpin® Soil kit, Macherey-Nagel) following the manufacturer's instructions. As the major fraction of DNA in turbid water was likely bound to suspended solids (Turner et al., 2014) , we isolated eDNA from water samples by centrifuging 25 ml aliquots of each sample at 4,000 G for 45 min, discarding the supernatant and processing the pellet the same way as sediment samples. Environmental DNA from glass fibre filters was isolated by manually shredding each filter using sterile forceps and then subjecting it to a DNA isolation using the extraction protocol for sediment. With each batch of DNA isolations (N = 6), we included two negative controls (using 20 µl of DNA-free water) that were subsequently also included in the library preparation process. 
| Oligonucleotide bait design, hybridization capture and sequencing
To design RNA oligonucleotide baits for hybridization capture, we compiled the mitochondrial genome sequences of 38 selected mammal species (representing 26 families in 15 orders; Table 1 ) that are known to be present in the regions studied (National Museum of History, 2005) . Species that were not represented in the NCBI database were replaced by closely related taxa (genus or family level; N = 7; 'replacement species', Table 1 ). Species were selected in order to cover every family which was represented at the field sites with at least one species, apart from the Chiroptera and Rodentia which contain multiple families (two species were chosen from each). The Tenrecidae were represented in the bait set by a member of their sister family Chrysochloridae as no mitogenome sequence within the Tenrecidae family was available. The compiled mitochondrial sequences were submitted to Arbor Biosciences for custom design of 80 bp baits. In total, 19,496 unique baits were produced; TA B L E 1 Reference mitogenomes used for bait design and mapping. Representative species expected at specific sites (target species) of which no mitogenome was available were replaced by closely related species (replacement species) 
| Bioinformatic analyses
The raw sequence data were demultiplexed with bcl2fastq v.
2.20 (Illumina, Inc.), and adapter sequences were removed using CUTADAPT v. 1.15 (Martin, 2011) with an error rate of 0.15. The reads were then quality-trimmed with TRIMMOMATIC v. 0.32 (Bolger, Lohse, & Usadel, 2014 ) using a sliding window approach of 10 bp and a minimum PHRED score of 20. Forward and reverse paired reads (with read lengths between 100 and 500 bp) were merged using FLASH (Magoc & Salzberg, 2011) with a minimum overlap of 10 bp. To eliminate duplicate sequences, the data set was de-replicated using the VSEARCH (Rognes, Flouri, Nichols, Quince, & Mahé, 2016) filter algorithm fastx_uniques with default settings.
The resulting sequences were mapped against the reference mitogenomes using BWA (Li & Durbin, 2009 ) and SAMtools v. 1.9 ); additionally, the sequences were blasted against the NCBI's nucleotide database using default parameters. Sample pairs (water and sediment) or triplets (water, sediment and glass fibre filters)
were considered positive for a species when at least five sequences were obtained with a total coverage of at least 300 bp of the respective mitogenome. This coverage can be considered sufficient to obtain a reliable consensus. The entire workflow is shown in Figure 1 .
| PCR-based approach
As a comparison with the hybridization capture results, a duplex PCR was performed using MyTaq™ DNA Polymerase (Bioline) and specific primers to amplify fragments of the mitochondrial D-loop of L. africana (376 bp; Eggert, Rasner, & Woodruff, 2002) and Equus sp.
(590 bp; Seeber, Soilemetzidou, East, Walzer, & Greenwood, 2017), respectively. In each PCR, we used bovine serum albumin at a concentration of 0.6 µg/µl to improve yield. The cycling conditions were 95°C for 2 min, followed by 40 cycles of 95°C for 20 s, 60°C for 30 s and 72°C for 45 s, and a final step of 72°C for 2 min. A total of 1,652,404 reads could not be assigned due to missing indices, and two sample pairs (water and sediment) produced no reads.
| RE SULTS
Out of the 38 target species from which the bait set was designed, we identified 16 species in our samples ( produced species-specific sequences using hybridization capture (Table 4 ). The equid D-loop fragment was amplified from 4 out of 33 subsamples, whereas 10 subsamples yielded E. quagga or E. zebra sequences after hybridization capture (Table 4 ). The remaining subsamples produced only unspecific products or failed to amplify.
| D ISCUSS I ON
Metabarcoding relies on the occurrence of relatively intact DNA for PCR amplification, and the use of degenerate primers to cover multiple species may bias the results (Taberlet, Bonin, Zinger, & Coissac, 2018) . Metabarcoding of terrestrial animals from eDNA has been performed using environmental sample material of animals in captivity (Harper et al., 2019; Rodgers & Mock, 2015) , and to a lesser extent, also in the wild (Egeter et al., 2018; Ushio, Fukuda, et al., 2017) .
Under natural conditions, however, this approach is typically hampered by the presumably low amount of target DNA in any given environmental substrate compared to the high amount of background DNA. Also, long-term occupied zoo enclosures can be expected to contain a substantially higher amount of DNA of the inhabitants, compared to the respective natural environments. In water-limited ecosystems, however, water sources are an important resource for many species and are thus potential sources of eDNA.
Glass fibre filters, in general, produced more sequences per mammal species using hybridization capture than the corresponding water or sediment samples, which may partially be attributed to the larger volume of water that was filtered (300 ml) compared to the volume used for DNA isolation from native water (25 ml). However, this effect was not entirely consistent in the present study. For example, we found sequences of Hippopotamus amphibious in three water samples and their corresponding sediment samples, but not in the respective glass fibre filters. Due to the observed high variability between sample types and sampling sites, we would recommend collection of different sample types and multiple samples per site to increase detection rates. In previous studies on eDNA isolated from water samples, large volumes of water (e.g. 5 L; Wilcox et al., 2018) were used for filtration, and a study using a comparable volume of water (250 ml water for filtration) obtained variable results (Grey et al., 2018) . It would thus seem advisable, based on our results and those of Grey et al. (2018) that a large volume of water be utilized.
In the present study, filtration was performed manually using considerably turbid water, which lead to rapid clogging of the filters. In order to filter larger amounts of water (i.e.>300 ml), multiple filters per sampling site should be used, particularly when turbid water is to be sampled. Compared with eDNA isolation from native water, the use of glass fibre filtration is likely to be more convenient in a field setting than the collection, transport and storage of large volume water samples.
Those species which were abundant and may be expected to shed larger amounts of DNA due to their behaviour at water holes (such as full-body submergence in elephants and hippos) yielded the most on-target reads and produced the highest coverage of the mitogenome. In contrast, relatively few sequences were obtained from species that are rare and may be expected to shed minute amounts of DNA into the water, if any (e.g. few sequences of cheetahs and no sequences of rodents were obtained). Therefore, the success of eDNA capture from water may be limited for certain taxa, but it is a very promising approach for those species which can be expected to shed a sufficient amount of DNA into the water.
A higher number of sequences were produced from samples collected during the mid-and late dry season (June/July and October, respectively), whereas relatively few positive results were obtained from samples collected during the rainy season in Tanzania (February). This pattern is likely due to the dilution effect by frequent precipitation but may also reflect the increasing scarcity of Namibia were pumped and thus constantly refilled, which may be why mammalian DNA was not as concentrated as in natural water bodies that typically shrink over the course of a dry season.
The results of the current study likely reflect relatively recent shedding of DNA into the respective water source, as environmental DNA is typically dilute and once shed into the environment, DNA is exposed to harsh conditions such as microbial metabolism and extensive UV radiation, leading to fragmentation, hydrolytic damage (i.e. cytosine deamination) and oxidation (Hawkins et al., 2016) ; thus, degradation of eDNA can be a limiting factor in such analyses (Pilliod et al., 2014) . However, a recent study demonstrated that UV radiation does not negatively affect eDNA-based detection rates from water samples (Mächler, Osathanunkul, & Altermatt, 2018) . Under optimal conditions, the stability of DNA in the environment facilitates the tracing of mammals in environmental samples for a considerable amount of time which may produce a bias in the accuracy of results (Dejean et al., 2011) ; however, in natural water bodies in the tropics, eDNA degrades within a comparably short amount of time, that is within a few days (Eichmiller, Best, & Sorensen, 2016) ..
The mock sample experiment demonstrated that successful hybridization capture is possible despite considerable divergence between baits and target species. The baits were designed exclusively from eutherian mammals, and although only 30% of the mitogenome of the marsupial P. cinereus was predicted to be covered by the baits set, the hybridization capture produced sequences covering about 91% of the mitogenome. It has been previously shown that the amount of captured DNA reflects initial target DNA abundance (Wilcox et al., 2018) . In the present study, we found that mock samples of known DNA concentrations produced results which were not entirely in line with the DNA input concentration, which is likely a result of divergence between baits and target spe- For broad surveys of multiple species or taxa, conserved sites that yield little information may be omitted as bait templates in order to increase the coverage and potential sequencing depth of variable sites and thereby improve taxonomic resolution. However, captured DNA fragments can substantially exceed the length of baits and, furthermore, anchored hybrid enrichment can produce sequences that are not complementary to the RNA bait, but that hybridize to the unbound portion of a captured target DNA molecule (Lemmon, Emme, & Lemmon, 2012; Tsangaras et al., 2014) . Therefore, even baits derived from conserved sites may increase the overall coverage of informative sites.
Hybridization capture of eDNA from water sources is a promising tool to assess the presence of terrestrial mammals in water-limited ecosystems. Divergent baits may broaden the efficiency of the process. However, divergence between baits and target sequences may result in a high amount of nontarget reads and may decrease the overall efficiency of the approach. It is therefore likely that baits which are highly specific to the target taxa will improve the overall capture efficiency for eDNA of common and rare species. Francis for assistance at the field sites and to Niccoló Alfano, Jan Axtner, Anisha Dayaram and John Galindo Puentes for assistance in the laboratory.
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